Experimental hand pollinations have revealed that the Australian proteaceous shrub Grevillea barklyana is fully self-compatible, although one study suggested that when both self-and outcross pollen were presented to different flowers on the same inflorescence significantly greater seed set resulted from the outcrossed flowers. This study used single-locus electrophoretic surveys of maternal plants and their progeny arrays to test the prediction that this apparent 'preference' for outcross pollen would produce high levels of outcrossing within natural populations. We found instead that plants within three of four populations were almost completely selfed. Outcrossing rates (t) in each of these populations (based on the progeny arrays of a minimum of nine plants) ranged from 0.07 0.03 to only 0.33 0.08 and showed little variation among years, ranging from 0.07 0.03 to 0.10 0.03 for a population sampled in each of two breeding seasons. Furthermore, examination of the progeny arrays from plants in the most intensively studied population revealed virtually no exchange of genes between immediately adjacent plants. Three pairs of alternative homozygotes were near neighbours (separated by less than 2 m) and yet detectable outcrosses comprised only seven of the 108 seeds sampled. In contrast, the fourth population of G. barklyana appeared highly outcrossed (t =0.85±0.2) which is typical of the realized mating system reported for other Australian Proteaceae. These data show that the realized mating system may vary widely among populations and may often be less than optimal. The occurrence of very low outcrossing rates within some populations may reflect the presence of introduced pollinators or other disturbances.
Introduction
There has been considerable recent interest in the variability and flexibility of plant mating systems (e.g. Schemske & Lande, 1985; Knight & WaIler, 1987; WaIler & Knight, 1989; Holtsford & Ellstrand, 1992) including the capacity of plants to vary their mating system through 'mate choice' (Wilison & Burley, 1983 ; Ayre & Whelan, 1989; Becerra & Lloyd, 1992) . Plant species can select either self or outcross pollen via preor post-zygotic mechanisms and realized outcrossing rates may vary widely among populations and among individual plants (Wailer & Knight, 1989) . Furthermore, experimental pollinations have now been used to show that in self-compatible, but predominantly outcrossing plants, outcross pollen produces larger and *Correspondence more vigorous seed than self-pollen (Stephenson & Windsor, 1986; Johnston, 1992; Montalvo, 1992) . The quality of outcross pollen may also vary such that there are optimal outcrossing distances (possibly different from the normal outcrossing distance) inferred from the distance between males and females which maximizes fruit set (Waser & Price, 1989) .
The importance and nature of mate choice should be a function of the quantity and diversity of the pollen genotypes which are naturally available to individual plants. Genetic quality will be a function of the heritability of fitness (Willson & Burley, 1983) and outcrossed pollen may be favoured when fitness is positively correlated with offspring diversity. Many plants, especially colonizing or weedy species, are known to he almost obligately self-fertilized but few if any studies have demonstrated resultant inbreeding depression (Schemske & Lande, 1985) . Indeed, few studies have examined this question in detail (Charlesworth & Charlesworth, 1987) .
Trees and shrubs in many species of the Australian Proteaceae have a seemingly great potential for mate choice. They typically produce multiple inflorescences, each made up of hundreds of perfect flowers which are apparently only rarely pollen limited and yet fruit set is extremely low (Ayre & Whelan, 1989) . Self and outcross pollen are often transported by avian, marsupial and insect pollinators but self pollen is expected to predominate on stigmas (Wooller et at., 1983; Goldingay et al., 1991; Carthew, 1993; Vaughton & Carthew, 1993) . Within plants, inflorescences show a staggered pattern of maturation and pollinators do move between plants during foraging bouts. However, pollinators typically visit the many opened flowers on a mature inflorescence and move between inflorescences on a plant (Carthew, 1993) . Nevertheless, the realized outcrossing rates reported for several species are all high (Scott, 1981; Carthew et a!., 1988; Vaughton & Carthew, 1993; Coates & Sokolowski, 1992 ; S. M. Carthew et a!., unpublished data) despite the fact that some of these species have at least limited selfcompatibility. Furthermore, although there is potential for mate choice there is little evidence of flexibility of mating systems or of inter-plant or inter-population variability in mating systems within the Proteaceae. However, Vaughton & Carthew's (1993) work with Banksia spinulosa var neoanglica shows that mate choice can occur: a population of this highly self-compatible plant was highly outcrossed.
The woody perennial shrub Grevillea barlyana var.
mackleayana (Proteaceae) is classified as 'rare and restricted ' (McGillivray, 1993 Where possible, 20 seeds or more were collected from each of at least 10 maternal plants, within each of the four populations. Because inflorescences typically bear about two seeds, the collection was distributed among many inflorescences on each plant. These seeds were stored for up to 1 week at 4°C pending electrophoresis to infer maternal genotypes and to determine outcros sing rates. To obtain sufficient mature seed many plants were sampled on up to three occasions within a 3 month period during peak flowering seasons.
For the Abraham's Bosom, Elmoos Road and Gravel Pit populations, all plants bearing sufficient seed were sampled. The plants sampled at Honeymoon Bay were a haphazard sample of that large population. Samples therefore broadly represent the genotypes present in seeds within a given year. Sampling was carried out at Abraham's Bosom in 1989 and 1990.
Electrophoresis
Initial screening of 25 loci revealed only two consistently scorable polymorphisms: leucyl proline peptidase (Lpp) and glucose phosphate isomerase (Gpi) within these populations. Staining methods were modified from Harris & Hopkinson (1976) . Initially all seed extracts were prepared in a simple extractant buffer (10 g sucrose, 20 mg bromophenol blue, 0.1 ml 2-mercaptoethanol/100 ml distilled water). However, the concentration of 2-mercaptoethanol was doubled to reduce satellite banding for Gpi. Lpp and Gpi were assayed on 12 per cent w/v starch gels using buffers Nos 6 and 9 of Selander et al. (1971) . Only one polymorphism could be consistently resolved within each of the sampled populations. Lpp (an apparent monomer) was scored for the Abraham's Bosom and Honeymoon Bay populations and Gpi (an apparent dimer) for the Elmoos Road and Gravel Pit populations. The two alleles detected within each population were labelled alphabetically in order of decreasing electrophoretic mobility.
Analysis of data
Genetic interpretations of zymograms, inference of maternal genotypes and estimations of outcrossing rates (t), Wright's inbreeding coefficient (F) and pollen allele frequencies were made from progeny arrays, assuming a mixed mating model as described by Brown et al. (1975) . The significance of departures from expectations for panmixia were assessed by t-test, as described by Brown etal. (1975) .
Results
Inspection of the genotype frequencies of the progeny of homozygous plants, within each of the four populations, revealed that detectably outcrossed seed-set occurred far less frequently than would be expected given equal segregation of alleles and random mixing of pollen (Table 1) . Similar trends were apparent within each of the Abraham's Bosom (for both 1989 and 1990) , Elmoos Road and Gravel Pit populations.
These conclusions are based on Lpp in the Abraham's Bosom and Honeymoon Bay populations and on Gpi in the others. In total, only 52 heterozygous seed were collected from homozygous plants within those populations compared with 307 expected under panmixia. The Honeymoon Bay population was only marginally variable for Lpp but the BB mothers still displayed only five of the 13 heterozygous progeny that would be expected for panmixia (Table 1) .
The almost complete lack of heterozygous seed on homozygous plants (and hence detectably outcrossed seed) could reflect the restricted transfer of pollen within clumps of electrophoretically identical neighbours. However, we detected no obvious clustering of maternal genotypes within the Abraham's Bosom population (Fig. 2) . Moreover, we detected extremely low levels of heterozygosity in the seed of those homozygous plants with near neighbours (less than 2 m apart) which were homozygous for the alternative allele. Specifically, plants 5 and 12, 1 and 30 and 9 and 14 yielded only seven heterozygous seeds compared with 44 AA and 57 BB seeds. Hence, it is clear that successful cross-pollination had been rare even when plants were separated by the shortest distances.
Maximum likelihood estimates of pollen allele frequencies within each population were highly variable (Table 2) . Pollen allele frequencies within the 1989 cohort of seed from Abraham's Bosom could not be estimated via the maximum likelihood approach because there were no heterozygous progeny for the BB maternal plants. These plants displayed similarly great heterogeneity of pollen allele frequencies among maternal genotypes (Table 1) . However, these values 0 2 4 6 8 0 (Table 3 ). The high degree of self-fertilization or inbreeding within these populations was reflected by large F values which, with one exception, were similar to predicted equilibrium values, derived via the formula (Brown et al., 1975) F=(1 -t)/(1 + t).
In contrast, the outcrossing rate calculated for the large Honeymoon Bay population (t= 0.85 0.20) was not significantly different from the value expected for panmixia, although this estimate of t should be treated with caution as it is based on a single locus that was only marginally polymorphic (Table 2) .
Discussion
An understanding of both optimal and realized mating systems is fundamental to the conservation of threatened plant populations and is especially relevant to estimates of the minimum population size and level of genetic diversity which needs to be maintained within breeding populations (Soulé, 1986; Hopper & Coates, 1990) . However, this study demonstrated that a realized mating system may be very different from that predicted from mate choice experiments and that the realized mating system may vary dramatically among populations. Interpopulation variation in mating systems is considered to be relatively common in plant species with mixed mating systems (Schoen, 1982) . Such examples are relatively rare for Australian ecosystems (Carthew et al., 1 988, Coates & Sokolowski, 1992) but this may reflect the paucity of sufficiently replicated studies.
Within three populations of G. barklyana, the electrophoretic data indicated that seed-set was almost exclusively the result of positive assortative mating.
This finding could reflect either preferential inbreeding (mediated by pre-or postzygotic mechanisms) or high levels of self-pollination. The latter explanation appears more likely as, in this study, pollen flow between immediately neighbouring plants was A high level of outcrossing, indistinguishable from random mating, was inferred for the large Honeymoon Bay population. This contrasts sharply with the results for the other populations and, if this difference were real, could reflect either genetic variation among populations or substantial variation in pollinator behaviour and hence pollen transfer. The present data do not allow us to distinguish between these hypotheses. Outcrossing may be more strongly favoured at Honeymoon Bay if the mating system of these plants has evolved within a persistently large population. It should be noted that inbreeding coefficients within this and other populations were close to values predicted at equilibrium and so do not suggest a recent history of colonization or bottlenecks. However, the population itself is atypical in many respects. It is not only large and extensive but contains unusually tall plants (typically more than 4 m compared with 2-3 m at all other sites examined) and occurs under a dense eucalypt canopy rather than forming part of a heathiand or woodland canopy. These characteristics may favour unusual pollinator foraging strategies or attract a different set of pollinators.
The use of genetic data to infer mating systems rests on several assumptions. Most important are that (i) the loci used are selectively neutral, and (ii) the plants selected are representative of the population studied. Selective neutrality has not been verified in the present study. However, the inference of low outcrossing rates within three populations seems justified because similar results were obtained for each of two loci and the progeny derived from heterozygous maternal plants approximately conformed to Mendelian ratios. Furthermore, with the exception of Honeymoon Bay, the sampled plants represented the majority of the productive plants within each of these populations. Examined at the most simplistic level, these data therefore provide strong evidence that little detectable outcrossing had occurred in three populations whereas a high level of outcrossing would have been expected if there had been pollen movement between even adjacent plants.
As a self-compatible species, the outcrossing rate of G. barklyana appears suited to examination using the mixed mating model. However, this model requires the assumptions of panmictic movement of pollen among flowers and no inter-plant variability in outcros sing rates (Brown et at., 1985) . These assumptions are virtually untestable and the violation of either would produce inter-plant variation in progeny allele frequencies as seen in this study. Violation of these assumptions should bias the estimate of t downwards (Brown et at., 1985) . Nevertheless, application of the model has revealed high levels of outcrossing in other Proteaceae (Scott, 1981; Carthew et at., 1988; Coates & Sokolowski, 1992; Vaughton & Carthew, 1993 ) and low t values will still indicate a high level of selfing or inbreeding rather than random mating.
Our study suggests that the realized mating system within three or four studied populations differs from expectations based on the outcome of previous hand pollination experiments and observed pollinator movements. The earlier studies had indicated that outcross pollen is at least as likely to produce fruit as selfed pollen and that pollinator movements between plants are common. Nevertheless, plants appear to set predominantly selfed seed. High levels of inbreeding are often considered to be suboptimal for self-compatible species but this need not be true (Shields, 1982) . Indeed, the studied populations all occur within areas which have suffered moderate to severe human impacts: an old gravel quarry, a naval firing range and two partially cleared recreational reserves. Furthermore, all are contained within a larger area with mixed land use and large numbers of the exotic honey bee Apis meltifera which is a potential pollen thief (Taylor & Whelan, 1988) . Current mating systems may reflect this disturbance.
There are several reasons to believe that this species may be tolerant of high levels of inbreeding. Most of the studied populations were small and contained little allelic variation. Furthermore, this species has many characteristics of weedy species and is apparently a good colonist of disturbed areas. Successful outcrossing may always have been a rare event in most populations of this plant. Nevertheless, a great deal of work remains to be done, both within populations with high and low levels of realized outcrossing, to determine whether outcrossing does represent the optimal mating system for this species.
